Abstract: Caffeine (CAF) is capable of interacting directly with several genotoxic aromatic ligands by stacking aggregation. Formation of such hetero-complexes may diminish pharmacological activity of these ligands, which is often related to its direct interaction with DNA. To check these interactions we performed three independent series of spectroscopic titrations for each ligand (ethidium bromide, EB, and propidium iodine, PI) according to the following setup: DNA with ligand, ligand with CAF and DNA-ligand mixture with CAF. We analyzed DNA-ligand and ligand-CAF mixtures numerically using well known models: McGhee-von Hippel model for ligand-DNA interactions and thermodynamic-statistical model of mixed association of caffeine with aromatic ligands developed by Zdunek et al. (2000) .
Introduction
Caffeine (CAF) is one of the most frequently consumed alkaloids worldwide. It is a purine derivative and has the ability to interact with itself [1, 2] and with different aromatic compounds by stacking aggregation. CAF may form hetero-complexes with dyes, such as acridine orange [3] [4] [5] , ethidium bromide [6, 7] , DAPI [6] , methylene blue [2] , with anticancer drugs: doxorubicin, mitoxantrone, daunomycin [8] [9] [10] , the antibacterial agent norfloxacin [11] , vitamin B 2 derivative flavinmononucleotide [10] as well as with nucleotides, polinucleotides [1] and with nucleic acids [12] . Heteroassociation of CAF with aromatic ligands may diminish its pharmacological activity, which is often related to its direct interaction with DNA [5] .
Mathematical analysis of a mixture containing three components: ligand, CAF and DNA, which interact with each other is very difficult. A commonly used model developed by McGhee and von Hippel describes ligand-DNA interactions [13] . Analyses of interactions between ligands with CAF are much more complicated because of the self-association of CAF and ligands.
Among several models describing these interactions is a model developed by Weller et al. for CAF and ligands, which allows for infinite self-aggregation [14] , a model developed by Kapusciński and Kimmel for CAF and ligands, which allows self-aggregation limited to dimerization [3] , and a model developed by Zdunek et al. for CAF and ligands without self-aggregation [6] .
In this paper we demonstrate mathematical analysis of a three-component mixture containing ligand (ethidium bromide, EB or propidium iodine, PI), CAF and DNA from calf thymus. To perform this analysis we merged two existing models: McGhee-von Hippel and Zdunek et al.
Experimental Procedures
Ethidium bromide (EB), propidium iodine (PI), caffeine (CAF) and calf thymus DNA were purchased from Sigma-Aldrich. Their chemical structures are presented in Figure 1 . CAF stock solution (concentration 0.1 M) was prepared by dissolving the weight amount in 0.1 M phosphate buffer, pH 6.0±0.1. Ligands: EB and PI were dissolved in distilled water as stock solutions (concentrations 3.0 mM and 1.6 mM for EB and PI, respectively).
Concentrations were determined colorimetrically using molar absorption coefficients E 480 =5.85•10 3 M -1 cm -1 and E 493 =5.9•10 3 M -1 cm -1 for EB and PI, respectively.
All light absorption spectra were measured in wide spectrum range with 0.5 nm intervals, in quartz cuvettes (1 cm light path) containing the appropriate solution in 2 mL phosphate buffer using Beckman's DU 650 spectrophotometer connected with Polystat's thermostat constant circulator (25±0.1°C).
To check each type of interaction, three independent spectrophotometric titrations for each ligand (EB or PI) were performed: (A) DNA solution (at initial concentration in the range of 0.2 mM) was titrated with 10-100 μL of stock solution of EB or PI; (B) EB or PI solutions (at initial concentration in μM range) were titrated with CAF (concentration range of CAF 0.2-17.9 mM); (C) mixtures containing DNA (initial concentration 0.24 or 0.31 mM) and ligand (initial concentration 41.7 and 73.2 μM for EB and PI, respectively) were titrated with CAF (concentration in mM range).
The spectra were collected in digital form and expressed in the form of molar absorption coefficient (E λ , M -1 cm -1 ).
Calculations
All calculations in this paper were performed using Sigma Plot 11 (Systat Software, Inc.), Excel (Microsoft) and Mathcad 14 (Parametric Technology Corporation) software.
The intrinsic association constants (K I ) of ligands -DNA interactions were calculated using McGhee-von Hippel model [13] , from the equation:
where r is binding density expressed by concentration of bound ligand per concentration of DNA (base pairs) C B /C P , n -binding site size, C A -concentration of free ligand form.
Mixed association constants (K AC ) of ligands-CAF interactions were calculated using a thermodynamic model of mixed aggregation of ligands with caffeine [6] . In this paper we used the same notation and definition. There are two types of molecules in the examined system: A (ligand, e.g. EB or PI) and type C (e.g. CAF). Molecules C can form self-and mixed-aggregates, whereas molecules A cannot form self-aggregates. K AC and K CC denote the nearest neighbor equilibrium constants of mixed (AC)-and self (CC)-aggregates. Below there are four independent equations, which allow concentration calculations of all forms of all components in the mixture: where: C TA and C TC express total concentrations of ligand and CAF respectively, C A and C C are concentrations of free A and C molecules respectively, C AC is the concentration of AC neighborhoods, C CC is the concentrations of neighborhoods between two C molecules.
Equations (2-5) enable one to calculate constant K AC and unknown concentrations C C , C AC , C CC , with known constant K CC equal 11.3 M -1 for CAF reported by Fritzsche et al. [1] , and total concentrations of A (C TA ) and C (C TC ) molecules.
In the model, C CC and C AC are not concentrations of appropriate dimer or hetero-complex, but indicate all neighborhoods CC and AC in all possible oligomers. Based on mass conservation law, molecular concentrations of A molecules (X BA ) and C molecules (X BC ) bound in mixed oligomers, and also concentration of C molecules (X CC ) in self-aggregates were calculated: 
Results

A. Intercalation of ligands to DNA
Light absorption spectra changes of DNA titrated with ligand (EB or PI) are presented in Figure 2 . The changes indicate intercalation of planar aromatic molecules of EB and PI to DNA. Intrinsic association constant (K I ) and binding site size (n) for each ligand were calculated according to the McGhee-von Hippel model [13] . Calculated K I and n values are presented in Table 1 (experiment A).
B. Ligands -CAF stacking aggregation
Mixed stacking ligands -CAF complexes formation was confirmed spectrophotometrically (Figure 3) . Mixed association constants and all the concentrations of all forms present in the mixtures were calculated using a thermodynamic model of mixed aggregation of ligands with caffeine [6] . Calculated association constants are presented in Table 1 (experiment B).
C. Properties of ligand -DNA -CAF mixtures
To test the possible impact of CAF on de-intercalation of ligands from DNA spectrophotometric titrations of the ligand-DNA mixture with CAF were performed. The spectra are presented in Figure 4 . It should be noted that the spectra were measured in the wavelength range above 350 nm, where CAF does not absorb. During the titration with CAF, the following changes in mixture spectra were observed: hyperchromic effect in both cases and hypso-and batho-chromic effects for EB and PI with DNA mixtures, respectively. The spectra of ligand-DNA and ligand-CAF complexes have been taken from independent experiments mentioned above. Based on these spectra and using the MarquardtLevenberg algorithm [3, 6] we were able to estimate molar fractions of each form of ligand in all analyzed mixtures: ligand free form, ligand complexed with DNA and ligand complexed with CAF. An example of such three-parameter analysis is presented in Figure 5 .
To calculate the concentrations of all components in the mixture and association constants we merged two models: Mc Ghee-von Hippel [13] concerning ligand-DNA interactions and Zdunek et al. [6] describing ligand-CAF interactions.
Free-form ligand exists in dynamic equilibrium on one side with ligand bound to DNA and on the other with ligand bound to CAF. Concentration of free-form ligand (C A ) is a common element of these two models (see Eq. 1-5). It means that addition of CAF to the ligand -DNA mixture causes the decrease in concentration of free ligand form and disturbs the equilibrium between ligand and DNA. This results in the de-intercalation of ligand from DNA. containing DNA, ethidium bromide (EB) and caffeine (CAF). On the top of the figure, the residuals of measured and weighted sum of components' spectra DNA-EB-CAF are presented (DNA concentration is equal to 231.5 μM, EB concentration equal to 40.2 μM and CAF concentration equal to 3.5 mM). Under the spectrum of mixture (thin solid line) and calculated spectrum of weighted sum of components' (thin dotdot line), there are spectra of EB-DNA complex (bold solid line), EB-CAF complex (bold dash-dash line) and free form of EB (bold dot-dot line) scaled in proportion to their molar fraction in the mixture. All spectra of DNA-EB-CAF mixtures were decomposed into weighted sum of components by non-linear least squares' analysis described earlier [3, 6] . where: C B is the concentration of ligand bound to DNA, X BA is the concentration of ligand bound to CAF. Thus in merged calculation model C TA from Eq. 2 is not the total concentration of ligand but the sum of C A and X BA .
It should be pointed that CAF may intercalate to DNA too. However, due to the fact that the interaction of CAF with DNA is very weak [12] , it is neglected in this consideration.
The results of our calculations are presented in Figure 6 and in Table 2 (example for EB only). Calculated association constants are presented in Table 1 (experiment C).
Discussion
CAF may interact with several aromatics that have genotoxic activity due to the direct interaction with DNA/ chromatin. The most likely explanation for the protective action of CAF against genotoxic compounds (ligands) involves blocking the free-form ligand thereby preventing their interaction with DNA and/or ligands removal from DNA. In this paper we show the de-intercalation of model aromatic compounds EB and PI from calf thymus DNA caused by CAF. The addition of CAF to the EB-DNA system is more effective than in the PI-DNA system (see Figure 6 ). This can be explained by the higher association constant of the PI-DNA interaction than the EB-DNA interaction. Simultaneously, the value of the PI-CAF neighbor association constant is slightly lower than for the EB-CAF interaction (see Table 1 , experiment C). There is a similar dependence in the case of calculation association constants in separated experiments (see Table 1 , experiment A and B). Values of association constants (K I , K AC ), calculated in separate experiments (A, B) and experiment C (ligand-DNA-CAF system) are slightly different. This difference is probably caused by the complexity of the system, in which a chromophore (ligand) exists at least in three forms (free ligand, ligand complexed with DNA and ligand complexed with CAF). The spectra of all of the above mentioned chromophore forms overlap significantly and their maxima differ about 15-25 nm (see Figure 4) . Therefore this system is very difficult for numerical analyses. The second reason for the difference between calculated association constants can be interactions between CAF and DNA, that have been neglected in our consideration due to the fact that CAF-DNA association constant estimated by Fritzsche et al. based on NMR study is very low (about 10 M -1 for calf thymus DNA) [12] . Other investigators such as Baranovsky et al. calculated the association constant of CAF with salmon milt DNA numerically and it amounted to 127±30 M -1 [15] . The authors also showed the association of EB with DNA in the presence of CAF. In their experiment, EB was mixed with CAF and then titrated with DNA (phosphate buffer, 10 mM NaCl, pH 6.86). They suggest that CAF competes with EB for free binding sites in DNA decreasing the EB-DNA association constant. They pointed the second possible manner of CAF action as interceptor due to heteroassociation with EB [15] .
In our study we applied a different approach: to the ligand -DNA mixture we added CAF. We observed that CAF took out ligand molecules already bound to DNA. We suggest that CAF interacts mainly with the free ligand form decreasing its concentration followed by the disruption of ligand-DNA equilibrium and then ligand de-intercalation (see Figure 6 ). The main reason is that the ligand-DNA binding constant is much higher than the CAF-DNA binding constant (at least 1000 times). (Eq. 9)
It is should be also noted, that free EB and PI molecules are cations in water solution, which also predispose their interaction with negatively charged DNA. For this reason removal of bound ligand molecules from DNA by neutral charged CAF molecules through their direct interaction with DNA and then blocking free binding sites is unlikely. Bedner et al. also concluded that the mechanism of CAF action is less plausible [16] .
Neighbor association constants (K AC ) for the EB-CAF interaction calculated in this paper are in good agreement with results obtained previously. [12, 15, [19] [20] [21] .
A similar three-component system containing DNA, ligand and chlorophyllin (CHL) was analyzed by Pietrzak et al. [22] . CHL, which exists as an anion in water solution, does not self-associate and does not interact with DNA. However, CHL forms stacking complexes with intercalators such as acridine orange, quinacrine mustard and doxorubicin. The association constants of CHL-ligand and ligand-DNA complexes are the same order of magnitude (~10 5 M -1 ). It means that CHL competes with DNA for free ligand binding. The authors of this paper used two connected calculation methods: the Mc Ghee-von Hippel model describing ligand-DNA interaction and an equation describing equilibrium between ligand and CHL free and bound molecules [22] . Interactions between ligand and CAF are more complicated and complex. Therefore we used the model of Zdunek et al. [6] , which is more suitable for this type of interaction. Moreover, our investigations show that using a three-component experiment and using two existing merged models it is possible to analyze such complex systems. The results of three-component analysis are in good agreement with parameters calculated on the basis of the separated two component experiments (ligand-DNA, ligand-CAF) confirming the appropriateness of this novel calculating system.
